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In addition to regulating autoimmunity and antitumor immunity, CD4� CD25� FoxP3� natural regulatory
T (Treg) cells are global regulators of adaptive immune responses. Depletion of these cells with the anti-CD25
antibody PC61 prior to primary respiratory syncytial virus (RSV) infection was partial but had several effects
on the RSV-specific CD8� response in a hybrid mouse model. Mediastinal lymph node and spleen epitope-
specific CD8� T-cell responses were enhanced in Treg-cell-depleted mice at all time points following infection,
but responses of Treg-cell-depleted lung show a strikingly different pattern than lymphoid organ responses,
with an initial delay in the CD8� T-cell response. The delay in the CD8� T-cell response correlated with a delay
both in the early phase of viral clearance and in illness in Treg-cell-depleted mice compared to isotype-treated
controls. The lungs of Treg-cell-depleted mice were shown to have increased lung chemokine and cytokine levels
7 days postinfection despite lower CD8� T-cell responses. Following the early delay in the lung response, CD8�

T-cell responses at later infection time points were enhanced and increased the severity of illness in depleted
mice. Finally, decreasing regulatory T-cell control of the CD8� T-cell response had a greater effect on response
of the dominant Kd-restricted M2 epitope consisting of amino acids 82 to 90 (KdM282–90) than on the
subdominant DbM187–195 epitope response, indicating that regulatory T cells modulate immunodominance
disparities in epitope-specific CD8� T-cell responses following primary RSV infection.

Natural regulatory T (Treg) cells are among a growing fam-
ily of T-cell subsets found to have a negative regulatory effect
on immune responses (1, 24, 31–33, 36). These cells represent
5 to 10% of all CD4� T cells in the mouse and are character-
ized by the expression of FoxP3, a transcription factor deter-
mining regulatory cell lineage development (14). Most Treg
cells also express the high-affinity interleukin-2 (IL-2) receptor
CD25, and IL-2 has been shown to be critical for Treg-cell
maintenance and function (41). CD8� T-cell effector functions
and proliferation are often dampened by negative regulation
by Treg cells (31, 32). Anti-CD25 antibody depletion studies in
the mouse show increased CD8� T-cell responses following
depletion of Treg cells and often increased clearance of the
pathogen (8, 9, 12, 29, 39, 40).

We have characterized the immune response to respiratory
syncytial virus (RSV) in the CB6F1 hybrid mouse, where both
the d-allele-restricted dominant epitope in the M2 protein
(amino acids 82 to 90 [KdM282–90]) and b-allele-restricted sub-
dominant epitope (DbM187–195) responses can be studied si-
multaneously (19, 34, 35). This model allows us to look at the
relative contribution of epitope-specific CD8� T-cell responses
to viral clearance and illness and investigate factors involved in
the establishment of epitope hierarchy. Both viral clearance

and illness in RSV-infected mice are intrinsically tied to the
CD8� T-cell response (10). The KdM282–90 epitope response
dominates during primary RSV infection of CB6F1 mice, rep-
resenting up to 50% of CD8� T cells in the lungs. The DbM187–195

epitope is the next dominant response, representing up to
15%, with other described d and b allele epitopes (4, 21, 22)
representing a small fraction of the responding CD8� T-cell
response in lungs of RSV-infected CB6F1 mice.

Given the suppressive potential of Treg cells during viral
infections, we hypothesized that depletion of Treg cells prior to
intranasal infection with RSV would facilitate viral clearance
from the lungs yet increase illness due to CD8�-mediated
immunopathology. Surprisingly, we found that animals that
were Treg cell depleted experienced less efficient RSV clear-
ance and a delay in CD8� T-cell responses in the lung despite
increased levels of RSV-specific CD8� T cells in the lung-
draining lymph node and spleen early after infection. However,
increased cytokine and chemokine expression 7 days postin-
fection and exaggerated CD8� T-cell responses in the lung
after the first week of infection resulted in a later exacerbation
of disease and slower recovery from illness. Treg-cell depletion
not only altered the kinetics of the CD8� T-cell response but
also resulted in systemic modulation of the immunodominance
disparity between the KdM282–90 and the DbM187–195 epitopes.

MATERIALS AND METHODS

Mice. Adult (6- to 10-week-old) female CB6F1 mice (Jackson Laboratories,
Bar Harbor, ME) were used for all experiments. All mice were housed in our
animal care facility at the National Institute of Allergy and Infections Diseases
under specific-pathogen-free conditions and maintained on standard rodent
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chow and water supplied ad libitum. All studies were reviewed and approved by
the NIH Animal Care and Use Committee.

Cell lines and antibodies. HEp-2 cells were used to determine titers of RSV
from lungs. Cells were maintained in Eagle’s minimal essential medium contain-
ing 10% fetal bovine serum (10% EMEM) and were supplemented with 2 mM
glutamine, 10 U of penicillin G per ml, and 10 �g of streptomycin sulfate per ml.
Cells were determined to be free of mycoplasma contamination by analysis with
the PCR (ATCC, Manassas, VA).

The hybridoma-producing anti-mouse CD25 was a kind gift from J. Yewdell, and
purified monoclonal antibody was manufactured by Harlan (Indianapolis, IN).

Viruses and infection. The RSV challenge stock was derived from the A2
strain of RSV by sonication of HEp-2 monolayers as previously described (11).
Mice were anesthetized intramuscularly with ketamine (40 �g/g of body weight)
and xylazine (6 �g/g of body weight) prior to intranasal inoculation with 6 � 106

PFU of live RSV in 100 �l of 10% EMEM. Mice were weighed daily after
infection, and percent weight lost was used to assess the severity of illness.

Plaque assays. Mice were sacrificed, and lung tissue was removed and quick
frozen in 10% EMEM. Thawed tissues were kept chilled while individually
ground. Dilutions of clarified supernatant were inoculated on 80% confluent
HEp-2 cell monolayers in triplicate and overlaid with 0.75% methyl cellulose in
10% EMEM. After incubation for 4 days at 37°C, the monolayers were fixed with
10% buffered formalin and stained with hematoxylin and eosin. Plaques were
counted and expressed as log10 PFU/gram of tissue. The limit of detection is 1.8
log10 PFU/gram of tissue.

Synthetic peptides. RSV M282–90 (SYIGSINNI) and RSV M187–195 (NAITN
AKII) were derived from the M2 and M proteins, respectively, of the RSV A2
strain (19, 34). An H2-Kd-binding influenza virus A/Puerto Rico/8/34 nucleopro-
tein peptide comprised of residues 147 to 155 (NP147–155; TYQRTRALV) and
an H2-Db-binding influenza A/Puerto Rico/8/34 peptide NP366–374 (ASNENM
ETM) were used as negative controls. All peptides were synthesized by Anaspec,
Inc. (San Jose, CA), and confirmed to be �95% pure by analytical high-perfor-
mance liquid chromatography at the National Institute of Allergy and Infections
Diseases peptide core facility (Bethesda, MD).

Class I tetramers. Tetramers were synthesized by Beckman Coulter (San
Diego, CA). Virus-specific T cells were enumerated with phycoerythrin-labeled
tetrameric complexes of H-2Kd plus the RSV M282–90 peptide or allophycocya-
nin-labeled tetrameric complexes of H-2Db plus the RSV M187–195 peptide. For
negative controls, cells from uninfected mice were stained, and phycoerythrin-
labeled tetrameric complexes of H-2Db with the influenza virus NP366–374 pep-
tide, H-2Kd with the influenza virus NP147–155 peptide, or H-2Kb with an ovalbu-
min epitope comprised of residues 257 to 264 (Ova257–264; SIINFEKL) were
used.

Tetramer and intracellular cytokine staining (ICS). Mice were sacrificed, and
lungs, lymph nodes, and spleens were harvested at various times between days 4
and 14 postinfection. Spleens were also harvested 60 to 100 days postinfection to
analyze memory responses. Lymphocytes were isolated manually by grinding
organ tissue between the frosted ends of two sterile glass microscope slides in
RPMI medium containing 10% fetal bovine serum. Lymphocytes were isolated
by centrifugation on a cushion of Fico/Lite-LM at room temperature, washed,
and resuspended in RPMI medium containing 10% fetal bovine serum. Lym-
phocytes were incubated at 37°C for 5 h with 1 �g of the appropriate peptide, 1
�g/ml of the costimulatory antibodies against CD28 and CD49d, and 1 �g/ml of
monensin to retain newly synthesized proteins within the cell. As a positive
control, cells were stimulated with 10 ng/ml phorbol myristate acetate and 1 �M
ionomycin. After the incubation, cells were surface stained with antibodies
against CD3 (145-2C11), CD4 (GK1.5), and CD8 (2.43) and then fixed and
permeabilized according to the manufacturer’s instructions (BD Pharmingen,
San Diego, CA). Intracellular stains were done with antibodies to gamma inter-
feron ([IFN-�] XMG1.2), IL-2 (JES6-5H4), and tumor necrosis factor alpha
([TNF-�] MP6-XT22) (BD Pharmingen) for 20 min at 4°C. For tetramer anal-
ysis, cells were stained with tetramer against DbM187–195 or KdM282–90 in addi-
tion to antibodies against CD3, CD4, and CD8; for Treg-cell analysis, cells were
stained for CD3, CD4, CD8, and CD25 (7D4) expression and then permeabilized
before staining with anti-FoxP3 (FJK-16S). Tetramers that recognized the influ-
enza virus NP366–374 epitope or the SIINFEKL Ova epitope were used as neg-
ative controls. After cells were stained, they were washed and analyzed by flow
cytometry. Cell samples were run on an LSR II instrument (Becton Dickinson,
San Jose, CA). Data were analyzed by using FlowJo software, version 8.5 (Tree
Star, San Carlos, CA). Gating for flow cytometry analysis is shown in Fig. S1 in
the supplemental material. Intracellular cytokine samples were Boolean gated
following single positive cytokine gating and then background subtracted in
Pestle (software provided by Mario Roederer, Bethesda, MD) prior to graphing.

Chemokine and cytokine analysis. Frozen, ground lung supernatant samples
were shipped to the SearchLight sample testing service provided by Pierce
(http://www.piercenet.com/) for multiplex proteome analysis of mouse cytokines.

Statistical analysis. Linear regression was used to analyze the differences
between control and depleted mice in the ratio of KdM282–90/DbM187–195 re-
sponses over time, separately for the lung, spleen, and lymph nodes. For each
organ, a model was fit with the log10 of the ratio as the response variable and
predictors consisting of main effects for the study day and depletion status. These
models also included an interaction between depletion status and study day to
allow for a different slope in the two groups of mice. To explore the appropri-
ateness of the ratio as a response variable, additional linear models were fit to the
log of the KdM282–90 values, including the predictors as above, and the DbM187–

195 value (also on the log scale) for each mouse. Since the results were very
similar for both sets of models, we focused on the results of the models for the ratio
of KdM282–90/DbM187–195. Standard model-checking procedures were followed to
assess fit; no inconsistencies were seen with the exception of one outlier in the
lymph node data, in which the KdM282–90 value was substantially higher (10-fold)
than for any other mouse. To determine if this point was overly influential in our
modeling and conclusions, we refit the models to the lymph node data with the
outlier removed. Neither the estimates of treatment effects nor the significance
of these effects changed significantly when this point was removed.

For other data, a two-tailed Student’s t test was used for statistical analysis, and
P values of �0.05 were considered statistically significant.

RESULTS

Treg cells are enriched in RSV-infected lungs and are par-
tially depleted with PC61 (anti-CD25) antibody. Treg cells are
often found to respond to infection and inflammation (2, 32,
33). We first investigated the extent of the Treg-cell response
during primary RSV infection in both isotype antibody-treated
CB6F1 mice and mice depleted of Treg cells with the anti-
CD25 antibody PC61. In mice treated with isotype antibody,
Treg-cell numbers nearly tripled, rising from 5.4% of lympho-
cytes in uninfected mouse lungs to 13.4% in RSV-infected
lungs and peaking at 6 to 7 days postinfection (P � 0.048) (Fig.
1A). Antibody-mediated depletion with the PC61 primarily
depleted CD4� CD25� FoxP3� cells from the lungs, as pre-
viously reported in other model systems, and had little to no
effect on the percentage of CD4� CD25	 FoxP3� cells (6).
This partial depletion was sufficient to inhibit much of the early
influx of Treg cells in the RSV-infected lung, though Treg-cell
percentages in the lung were still significantly higher at day 6
postinfection than in uninfected, depleted mice (P � 0.016).
However, even following RSV infection, Treg-cell-depleted
mice had a significantly lower percentage of Treg cells in the
lungs than control isotype-treated mice at all time points. The
response in depleted mice peaked at 5.7% at 6 days postinfec-
tion, just above the level found in the lungs of uninfected mice.

Treg cells represented close to 10% of CD4� T cells in the
spleen of uninfected mice and did not significantly change
throughout the course of infection in isotype control-treated
mice. Treg-cell depletion was sufficient to reduce the number
of Treg cells in the spleen by nearly 50%, with primarily
CD25	 FoxP3� cells remaining (Fig. 1B). Mediastinal (lung-
draining) lymph nodes were not visible in uninfected mice or
early after infection, but samples taken starting 6 days postin-
fection indicated percentages of Treg cells similar to the num-
bers in spleen in both control and depleted mice (Fig. 1C),
showing again a reduction of nearly 50%. Comparing the per-
centages of Treg cells in the lungs, spleen, and lymph node
indicated a clear enrichment of Treg cells in the lungs follow-
ing RSV infection but not in the secondary lymphoid organs. A
similar pattern was noted for absolute cell numbers as dem-
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onstrated by CD4� FoxP3� T cells in lung (Fig. 1D), spleen
(Fig. 1E), and mediastinal lymph nodes (Fig. 1F).

Activated CD8� and CD4� T cells may also express CD25;
therefore anti-CD25 could potentially have nonspecific effects
on these populations. We measured CD25 expression on
CD8� T cells and CD4� FoxP3	 T cells in the lung, lymph
node, and spleen following primary RSV infection. Overall,
very few CD8� T cells in the lymph node and spleen express
CD25, and only small percentages express it in the lung (Fig.
2A). Similarly, almost all CD4� FoxP3	 cells do not express
CD25 in the lymph node and spleen, and few cells do so in the
lung (Fig. 2B). PC61 depletion had little effect on CD25�

expression in either the CD8� or the CD4� FoxP3	 popula-
tions.

Treg-cell depletion delays the rate of viral clearance and
illness early in infection but results in increased disease se-
verity at later time points. Viral titer in the lungs of RSV-
infected CB6F1 mice peaks 4 to 5 days following infection (Fig.
3A). Surprisingly, Treg-cell-depleted mice did not clear RSV
from the lungs as efficiently as control mice. Depleted mice
demonstrated 1 to 2 logs more virus in the lungs 6 to 7 days
postinfection than isotype control-treated mice that more ef-
ficiently cleared virus (Fig. 3A). The most dramatic difference
between the control and Treg-cell-depleted groups was seen on
day 6 (P � 0.0009). Despite these kinetic differences in the
onset of viral clearance, both control and Treg-cell-depleted

mice achieved viral clearance (below the lowest detectable
level of 1.8 logs) by 8 days following infection.

The early lag in viral clearance in Treg-cell-depleted mice
correlated with a delay in illness, as measured by percent
weight loss at day 6 (P � 0.0026) (Fig. 3B). After day 7 postin-
fection, Treg-cell-depleted mice experienced more severe and
sustained weight loss than isotype control-treated mice, with
significant differences at days 9 (P � 0.02) and 10 (P � 0.01)
postinfection (Fig. 3B). Multiple statistical comparisons were
used, and weight loss was reproducible between duplicate ex-
periments.

Depletion of Treg cells prior to RSV infection alters the
kinetics of the CD8� T-cell response and exaggerates epitope
dominance disparities. We were intrigued by the delay in the
early phase of viral clearance in Treg-cell-depleted mice, given
several published reports of increased pathogen-specific CD8�

T-cell responses, which are responsible for RSV clearance
from the lungs. We therefore assessed RSV-specific CD8�

T-cell responses in the lungs of RSV-infected CB6F1. CB6F1
mice are H-2d/b, allowing us to perform tetramer staining for
both the dominant KdM282–90 epitope and the subdominant
DbM187–195 epitope. Both of these adaptive T-cell responses
are absent in the lungs at 4 days postinfection and are detect-
able by day 6. We were surprised to find a higher percentage of
both KdM282–90-specific cells (Fig. 4A) and DbM187–195-spe-
cific cells (Fig. 4D) in the lungs of the isotype control group

FIG. 1. Total FoxP3� Treg cells in control and anti-CD25-depleted mice. Mice were treated with 500 �g of isotype antibody (Y13-259; control)
or 500 �g of PC61 antibody (depleted) intraperitoneally 3 days prior to intranasal infection with 6 � 106 PFU of RSV. Percentages of FoxP3� cells
that are CD25� or CD25	 are shown in the lung (A), spleen (B), and mediastinal lymph node (C) samples at the given day postinfection with RSV.
U designates the same organ samples from antibody-treated, uninfected mice. Absolute numbers of FoxP3� cells are shown through day 11 for
the right lung (D) and through day 14 for spleen (E) and mediastinal lymph nodes (F). Both right and left lungs were analyzed on day 14, and so
that time point was not included in panel D. Error bars represent the standard error of the mean with four mice per group, and the experiment
was repeated with similar results.

VOL. 83, 2009 REGULATORY T-CELL RESPONSES IN RSV-INFECTED MICE 3021



than in the Treg-cell-depleted group at 6 to 7 days postinfec-
tion. The experiment was repeated twice, with the data from
both experiments showing a similar early lag in the Treg-cell-
depleted group. However, only one experiment resulted in
statistically significant differences during early infection (for
KdM282–90 responses, P � 0.028; for DbM187–195 responses, P
� 0.009). The dominant KdM282–90 response in the Treg-cell-
depleted and control groups was the same at 8 days postinfec-
tion and was significantly higher in the Treg-cell-depleted
group at later infection time points (Fig. 4A). Again, of the two
experiments showing the same trend, only one showed statis-
tical differences between the control and Treg-cell-depleted
groups during late infection (for KdM282–90 responses, P �
0.036; for DbM187–195 responses, P � 0.002). The subdominant
DbM187–195 response experienced a greater lag in the lungs of

the Treg-cell-depleted group, remaining lower than the isotype
control-treated groups through day 11 (Fig. 4D). The delay in
both of these RSV epitope-specific CD8� T-cell responses in
the lungs of Treg-cell-depleted mice offered an explanation for
inefficient viral clearance and less illness early in infection, and,
conversely, higher CD8� T-cell epitope-specific responses at
later infection time points accounted for more severe and
sustained weight loss in the Treg-cell-depleted group after day
7.

RSV epitope-specific responses were also measured in the
spleen and the mediastinal (lung-draining) lymph node follow-
ing infection. The spleen showed the greatest difference be-
tween the Treg-cell-depleted and control groups for the
KdM282–90 epitope (Fig. 4B). In contrast to what was seen in
the lung, responses to KdM282–90 in isotype-treated mice were

FIG. 2. CD25� expression on CD8� and CD4� FoxP3	 T cells in control and anti-CD25-depleted mice. Mice were treated with 500 �g of
isotype antibody (Y13-259; control) or PC61 antibody (depleted) 3 days prior to infection at day 0. CD25� expression was measured on CD8� T
cells (A) and on CD4� FoxP3	 T cells (B) in the lung, lymph node, and spleen by flow cytometry following primary infection with RSV. Error bars
represent the standard error of the mean with four mice per group, and the experiment was performed two times.

FIG. 3. (A) Lung virus titers in control and anti-CD25-treated mice. Mice were treated with 500 �g of isotype antibody (Y13-259; control) or
PC61 antibody (depleted) 3 days prior to infection at day 0. Left lungs were harvested at the indicated day after RSV infection, quick-frozen, and
then later ground and plated on HEp-2 cells to determine the number of PFU per gram of tissue harvested. Error bars represent the standard error
of the mean with four mice per group, and the experiment was done two times. (B) Illness following RSV infection of control or anti-CD25-
depleted mice. Animal weights were taken daily and compared to baseline weights on the day of RSV infection (day 0). The error bars represent
the standard error of the mean for 10 mice per group, and the experiment was performed two times.
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lower than in Treg-cell-depleted mice at all time points after
infection. However, subdominant DbM187–195 epitope re-
sponses in the spleen were not significantly different between
the isotype control and Treg-cell-depleted groups (Fig. 4E).
Finally, significant differences between the KdM282–90 and
DbM187–195 epitope responses were not evident in the medias-
tinal lymph node, with a slightly higher KdM282–90 response in
the Treg-cell-depleted group and a slightly higher DbM187–195

response in the isotype control group at day 6 only (Fig. 4C and
F). Taking into account both epitopes, the total quantity of
RSV-specific T cells in secondary lymphoid organs following
infection was higher in the Treg-cell-depleted group than in
the isotype control group, largely due to a increase in the
dominant KdM282–90 response.

A previous study indicated that Treg cells may have the
greatest suppressive effect on the most dominant CD8� T-cell
response, moderating the immunodominance disparity be-
tween epitopes (12). We investigated this effect in our RSV
mouse model by looking at the ratio of the dominant
KdM282–90 response to the subdominant DbM187–195 response
for each infected mouse, thus expressing the relative difference
between the two epitope responses. In a comparison of the
ratio of KdM282–90 to DbM187–195 in the lungs of isotype con-
trol-treated mice, the dominant KdM282–90 response was less
than fivefold higher than the response to DbM187–195 through-
out the entire course of infection. In contrast, in the lungs of
Treg-cell-depleted mice the dominant response was ninefold
higher at 6 days postinfection and remained higher than the
isotype control groups until day 14 postinfection (Fig. 5A). The
KdM282–90/DbM187–195 ratios in the spleen and mediastinal
lymph node of isotype-treated control mice remained lower
than 5 throughout the infection (Fig. 5B and C). As seen in the

lung, the ratio was significantly higher in Treg-cell-depleted
mice for both the spleen and the lymph node, particularly early
in the infection (Fig. 5B and C). These data indicate that Treg
cells moderate epitope dominance disparities in our RSV in-
fection model and have the greatest suppressive effect on the
dominant KdM282–90 response. The differences between the
control and Treg-cell-depleted groups are statistically signifi-
cant for all organs (Fig. 5). Despite the fact that RSV infects
only the lungs, this effect was systemic, also affecting the bal-
ance of responses in secondary lymphoid organs.

Treg-cell depletion increases chemokines and both type 1
and type 2 cytokine levels following RSV infection but does not
change the cytokine profile of RSV-specific CD8� T cells. Treg
cells have been reported to dampen many different innate and
adaptive responses (30, 31). We investigated how Treg-cell
depletion affected cytokine and chemokine levels in the RSV-
infected lung. Frozen, ground lung supernatants from isotype
control and Treg-cell-depleted mice 7 days postinfection were
shipped to Pierce (Woburn, MA) for analysis with a Search-
Light proteome array. An array of chemokines (MIP-1� [mac-
rophage inflammatory protein-1�], MIP-1
, and MCP-1
[monocyte chemotactic protein 1]), cytokines (IL-2, IL-4, IL-
10, IL-13, TNF-�, and IFN-�), and total transforming growth
factor 
 (TGF-
) were quantitated. We found significantly
higher levels of the chemokines MIP-1�, MIP-1
, and MCP-1
in the lungs of Treg-cell-depleted mice than in control mice 7
days postinfection despite finding lower numbers of RSV-spe-
cific CD8� T cells in the Treg-cell-depleted group at the day 7
time point, as mentioned previously. Higher levels of IL-2,
IFN-�, and TNF-� in addition to IL-4 indicated a general
increase in cytokine production from different cell subsets.
While we saw a trend for higher IL-10 in the Treg-cell-de-

FIG. 4. Kinetics of KdM282–90 and DbM187–195 epitope-specific responses following RSV infection in control and anti-CD25-treated mice. Mice
were treated with 500 �g of isotype antibody (Y13-259; control) or 500 �g of PC61 antibody (depleted) intraperitoneally 3 days prior to intranasal
infection with RSV. Percentages of CD8� T cells specific for the KdM282–90 epitope or the DbM187–195 epitope were determined in the lungs (A
and D), spleens (B and E), and mediastinal lymph nodes (C and F) at the indicated day following RSV infection by surface staining with antibodies
against CD3, CD8, and epitope-specific tetramers. The means of total cell numbers between treatment groups were all within 1 standard deviation.
Error bars represent the standard error of the mean with four mice per group, and the experiment was done twice.
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pleted group, the difference was not statistically significant
(P � 0.055) due to one potential outlier in the Treg-cell-
depleted group (Fig. 6). There were no differences between the
control and depleted groups for IL-13 or total TGF-
 produc-
tion (data not shown). These data suggest that Treg-cell de-
pletion increased the overall functional activity of multiple cell
types.

In order to investigate whether some of the cytokine differ-
ences seen following Treg-cell depletion were due to a differ-
ence in the response of epitope-specific CD8� T cells, we
performed ICS on cell samples taken from the lung, spleen,
and mediastinal lymph nodes of both the isotype control and
Treg-cell-depleted groups following in vitro M282–90 or M187–195

peptide stimulation. IL-2, IFN-�, and TNF-� were measured
simultaneously and after single-positive gating for each. Bool-
ean gating was performed on FlowJo, version 8.5, to generate
a functional profile for epitope-specific CD8� T cells.
KdM282–90 and the DbM187–195 epitope-specific responses are
shown for the lung, spleen, and mediastinal lymph node in Fig.
7. As reported by our group and others, not all RSV-specific
cells in the lung produce cytokines following peptide stimula-
tion (3, 35). This is particularly apparent in the lungs, where
cytokine production is typically observed in less than half of the
dominant KdM282–90 epitope-specific cells. A higher frequency
of lung-derived DbM187–195-specific cells produce cytokines
when stimulated with peptide (Fig. 7A). Most M282–90- or
M187–195-stimulated cells from RSV-infected lungs produce
IFN-� only, with a small fraction producing both IFN-� and
TNF-� but little to no IL-2. It is clear that the increased
cytokine levels in the lung of Treg-cell-depleted mice 7 days
postinfection are not entirely due to the antigen-specific CD8�

T-cell responses, which are quantitatively lower in the Treg-
cell-depleted lungs at this time point and are found to produce
a similar cytokine profile in the isotype control and Treg-cell-
depleted groups. Additionally, cytokine and chemokine levels
decrease almost to background levels by 10 days postinfection
when CD8� T-cell responses are near their peak (Fig. 7). More
KdM282–90- and DbM187–195-specific CD8� T cells in the
spleen and mediastinal lymph node respond to peptide stimu-
lation by cytokine production than these cell types in the lung.

Additionally, RSV-specific cells are more polyfunctional in
secondary lymphoid organs, with a higher percentage of re-
sponding cells producing both IFN-� and TNF-�, IFN-�, and
IL-2 or all three cytokines simultaneously in the spleen (Fig.
7B) and the lymph node (Fig. 7C).

Treg-cell depletion during primary infection increases the
memory CD8� T-cell response to RSV. We measured memory
responses to the KdM282–90 and subdominant DbM187–195

epitopes in the spleen 50 days after primary RSV infection with
specific tetramers and for IL-2, IFN-�, and TNF-� production
following peptide stimulation. Both epitope-specific memory
responses were higher in the Treg-cell-depleted group than in
the isotype control, as measured by tetramer staining (P �
0.004 for KdM282–90, and P � 0.02 for DbM187–195) (Fig. 8A).
Following M282–90 or M187–195 stimulation, memory cells for
both epitopes were shown to be highly polyfunctional, with the
majority of cells producing at least two cytokines (Fig. 8A). As
was seen during primary infection, fewer KdM282–90-specific
cells produce cytokines than DbM187–195-specific cells. We ad-
dressed immunodominance disparity in the memory phase by
again taking the ratio of the dominant epitope to the subdomi-
nant epitope for each mouse. The KdM282–90/DbM187–195 re-
sponse ratio was under 3 for both the isotype control and the
Treg-cell-depleted group 50 days postinfection, with no signif-
icant difference between the groups (Fig. 8B).

DISCUSSION

Treg cells have been found to play a role in regulation of
adaptive immune response to several viruses (1, 31, 33). We
are the first to describe that Treg cells are enriched in the lungs
of mice infected intranasally with RSV and that they systemi-
cally regulate CD8� T-cell responses to infection. In our hy-
brid mouse model for RSV infection, depletion of Treg cells
with the PC61 (anti-CD25) antibody has organ-specific effects.
Specific CD8� T-cell responses in the lymph node and spleen
are increased by depletion, yet responses in the lung are de-
layed at early time points following infection. The delay in
adaptive immune responses in the lungs resulted in less effi-
cient pathogen clearance and less CD8� T-cell-mediated

FIG. 5. Exaggeration of immunodominance disparities in anti-CD25-treated mice compared with controls. Mice were treated with 500 �g of
isotype antibody (Y13-259; control) or 500 �g of PC61 antibody (depleted) intraperitoneally 3 days prior to intranasal infection with RSV. The
percentage of CD8� T cells specific for the KdM282–90 epitope or the DbM187–195 epitope was quantitated, and the dominant KdM282–90 response
was divided by the subdominant DbM187–195 response in the lungs (A), spleen (B), and mediastinal lymph node (C) at the indicated day
postinfection with RSV. The mean is shown as a horizontal bar, and statistics were calculated as described in Materials and Methods.
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weight loss during early infection in the hybrid mouse model.
To our knowledge, this is the first description of Treg-cell
depletion resulting in less efficient clearance of a pulmonary
pathogen despite higher CD8� T-cell responses in other or-
gans. Taken together, our data show that Treg cells do not
hinder, and may actually facilitate, RSV clearance from the
lungs. Additionally, they were found to modulate disease and
epitope dominance disparities and to dampen the memory
response to the virus.

As with most experimental procedures, depletion of Treg
cells with anti-CD25 antibodies is not without its caveats. De-
pletion of FoxP3� Treg cells by this method is decidedly in-
complete (6). Further complications may occur as the high-

affinity IL-2 receptor, CD25, can also be expressed on recently
activated conventional T lymphocytes. Despite CD25 expres-
sion on many activated lymphocytes, higher lymphocyte re-
sponses and proliferation are typically observed following
Treg-cell depletion, potentially due to stimulation through
low-affinity IL-2 receptors on the same cells and an abundance
of IL-2 in the absence of Treg cells (37). Throughout our
studies of primary infection with RSV, we observed relatively
low numbers of CD8� CD25� cells and CD4� FoxP3	 CD25�

cells in the lung, lymph node, and spleen, and depletion with
the PC61 antibody had little effect on these populations
(Fig. 2).

Two new mouse models that offer more complete depletion

FIG. 6. Cytokine and chemokine levels in control and anti-CD25-treated lungs. The single lobe of the left lung was quick frozen in 2 ml of 10%
EMEM and later ground with a mortar and pestle. Cell debris was spun out, and supernatants were sent to the SearchLight service at Pierce for
blind quantitation (in pg/ml) for 11 cytokines and chemokines in each sample. IL-10, IL-13, and TGF-
 results showed no significant difference
between control and depleted groups. *, P � 0.05; **, P � 0.01 (two-tailed Student’s t test).
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of Treg cells have recently been reported (18, 20). These
cleaner methods of diphtheria toxin-mediated depletion of
FoxP3� T cells will soon offer new insights into the role that
Treg cells play during viral infection. Of particular interest, a
recent report investigating Treg-cell responses to herpes sim-
plex virus type 2 in one of these mouse models showed a
similar contradictory effect of Treg-cell depletion as that which
we observed in our RSV infection model (23). Treg-cell-ab-
lated, herpes simplex virus type 2-infected mice were found to
have increased viral loads and impaired migration of antiviral
effector cells to the site of infection despite robust responses in

the draining lymph node. The delay in immune cell influx at
the site of infection was estimated to be 2 days in Treg-cell-
ablated mice, a delay similar to what we observed in the lungs
of RSV-infected mice. In another parallel between our studies,
Lund et al. also reported higher cytokine and chemokine re-
sponses in Treg-cell-ablated animals (23). Regulation of a wide
variety of cell types and control of the cytokine and chemokine
milieu following infection allow Treg cells to assume the par-
adoxical role of coordinating and facilitating early immune
responses at the site of infection while modulating the re-
sponse in peripheral lymphoid organs.

FIG. 7. Functionality of KdM282–90- and DbM187–195-specific cells in the lung, spleen, and mediastinal lymph node. The percentage of CD8� T
cells specific for the KdM282–90 epitope or the DbM187–195 epitope was quantitated, and values are shown for each group for each day with a solid
blue (KdM282–90) or solid red (DbM187–195) histogram. Parallel samples for each mouse were incubated at 37°C in vitro with epitope-specific
peptide, costimulatory antibodies, and monensin. After 5 hours, cells were surface stained with antibodies for CD3 and CD8 and then perme-
abilized and stained intracellularly with antibodies for IFN-�, IL-2, and TNF-�. ICS results are shown next to the tetramer results for each group
of samples from the lung (A), spleen (B), and mediastinal lymph node (C). The means of total cell numbers between treatment groups were all
within 1 standard deviation. Results are representative of two experiments, with four to five mice per group per day.
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Enhanced CD8� T-cell responses in the lung at later time
points following RSV infection of the Treg-cell-depleted group
may be the result of higher cytokine and chemokine produc-
tion early in infection or of greater antigen persistence rather
than direct suppression by Treg cells. The cytokine profiles of
RSV-specific cells were similar between the control and the
depleted groups for all organs, indicating that there may not be
a direct effect of Treg cells on RSV-specific CD8� T-cell func-
tion. We observed modulation of the immunodominance dis-
parity between the dominant KdM282–90 and the subdominant
DbM187–195 responses following Treg-cell depletion, but this
effect seemed greatest early in infection. It is possible that the
Treg cells have a greater influence on T cells that are more
activated and that the dominant CD8� T cells that are prob-
ably dividing most rapidly are most affected. Later in infection
and during the memory phase, the KdM282–90/DbM187–195 re-
sponse ratio returned to levels seen throughout the infection in
control mice. The decline in epitope disparity may indicate that
dominant KdM282–90 cells may be more highly activated and
driven to terminal effectors, leading to apoptosis, and are less
likely to persist into the memory phase in the Treg-cell-de-
pleted group. Despite a similar KdM282–90/DbM187–195 ratio
between the control and Treg-cell-depleted groups in the
memory phase, responses to both epitopes were quantitatively
higher in the Treg-cell-depleted group, indicating that the
presence of Treg cells during primary infection may lower
the number of RSV-specific CD8� T cells that survive into the
memory phase.

Premature infants and infants under the age of 6 months are
most susceptible to severe RSV disease and hospitalization for
bronchiolitis, pneumonia, bronchitis, and croup (26). While
initially recognized as a major health threat in infants, RSV is
now recognized as a common respiratory pathogen among the
immunocompromised and the elderly and accounts for up to
10,000 deaths in people over 65 in the United States each year
(25). Causes of severe manifestations of RSV infection are
clearly multifaceted and complex, involving both viral and host
factors (reviewed in reference 5). The lungs of infected indi-
viduals can exhibit high levels of type 1 and type 2 cytokines,
proinflammatory cytokines, and other immune mediators (5).
Studies have shown that exaggerated type 1 or type 2 adaptive

responses can be associated with a negative outcome following
infection.

The role for CD8� T cells in the pathology of human RSV
disease is controversial. In contrast to the immune response to
RSV in the mouse, where KdM282–90 is an unusually immuno-
dominant epitope and high CD8� T-cell activity correlates
directly with disease, the immunopathology of human RSV
infection is more complex and more difficult to study. The
immunopathology of primary infection in human infants is
typically neutrophil mediated (7, 16), and the enhancement of
disease following vaccination attempts in the 1960s was found
to be mediated by eosinophils and immune complex deposition
(17, 28). In these settings, CD8� T cells are believed to have a
protective effect and not contribute to pathology. Mouse stud-
ies have shown that CD8� T-cell responses can protect against
eosinophil-mediated disease after vaccination in the mouse
model (15, 27, 38), and a recent human study in young infants
who died during primary RSV infection suggests that RSV-
mediated lower respiratory tract infections may be related to a
failure to develop an adaptive cytotoxic T-cell response (42).
CD8� T cells observed following RSV infection in the human
are distributed in both airways and lung parenchyma (16) and
can be isolated in bronchoalveolar lavage fluid but do not
correlate with disease severity (13). Understanding how Treg
cells modulate CD8� T-cell responses and other aspects of the
immune response to RSV may help explain the hallmarks of
infection in infants, such as the lack of an effective CD8� T-cell
response in severe primary disease, the inability of the immune
system to generate a functional memory response, and an
increased likelihood to develop asthma and allergies in those
who experience severe RSV disease.
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